The catalytically active, tyrosyl-phosphorylated form of insulin receptor kinase was isolated from human placenta by a procedure which exploits the propensity for the intact are& form of insulin receptor to undergo insulin-promoted autophosphorylation at tyrosyl residues and concomitant activation as a tyrosyl kinase. Purification of tyrosylphosphorylated insulin receptor was effected by adsorption on and elution (with a hapten) from a column of 0-phosphotyrosyl-binding antibody immobilized on protein A-Sepharose (Ab-protein A). The starting material for the purification process was protein which had been solubilized from placental membranes and purified by chromatography on immobilized wheat germ agglutinin. After chromatography on Ab-protein A to remove preexisting 0-phosphotyrosyl-containing proteins, the fraction which did not adsorb to the Ab-protein A column was incubated with insulin and briefly treated with ATP so as to maximize selective autophosphorylation of insulin receptor. This material was then subjected to chromatography on Ab-protein A. Although the amount of the intact (Y$& form of insulin receptor present in the starting material was only a small fraction of the protein (-0.2%) and only -20% of the insulin-binding forms of the receptor present, it was eluted (with 10 mM p-nitrophenyl phosphate) from the column in X30% purity. Chromatography on Ab-protein A appears to have an advantage over the alternative affinity chromatographic procedures which utilize immobilized insulin or antiinsulin receptor antibody to adsorb insulin receptor, since these procedures do not resolve the intact c&& form of insulin receptor from the nicked insulin-binding forms of the receptor which do not undergo insulin promoted autophosphorylation. sulin receptor. A major difficulty is that the existing purification procedures based upon affinity chromatography do not resolve the various insulin-binding forms of the receptor. Limited proteolysis of the /? subunits of the intact LV&~ tetrameric receptor results in at least two additional insulin-binding forms of the receptor, (Y&&, and c&31)2 (9) . These forms, together with others, have been shown to be present after affinity chromatography, on immobilized insulin (i'), of insulin receptor from human placenta which had been partially purified by chromatography on wheat germ agglu-tinin (WGA):
In our hands (lo), only -20% of the insulin-binding forms of insulin receptor is present as the intact CX& tetrameric receptor in preparations of WGA-purified insulin receptor from human placenta. Since affinity chromatography on immobilized insulin would not be expected to separate the insulin-binding forms of insulin receptor, it is not surprising that a highly heterogeneous mixture of insulin receptor is obtained by this method. The presence of multiple forms of the receptor could complicate studies of its competence to function as a protein kinase, since only the intact adz form of the receptor undergoes the insulin-mediated autophosphorylation reaction (10, 11) which induces the tyrosyl kinase activity of insulin receptor. These considerations underscored the need for an alternative procedure for purification of insulin receptor, and prompted us to develop a procedure for isolating the intact LY& form of insulin receptor which exploits the unique ability of the CQ& form to undergo autophosphorylation. The procedure which is disclosed in this work involves adsorption (and specific elution with hapten) of phosphorylated insulin receptor on an immobilized antibody which binds 0-phosphotyrosyl residues. Immobilization of O-ph.osphotyrosyl binding antibody ox protein A-Sepharose. A protein A-Sepharose column (3 ml, 3.9 X 1.0 cm) was equilibrated with 50 mM Hepes, pH 7.6,0.1% Triton X-100 (HT), and 0.9 ml of the solution of purified antibody (0.8 mg/ml) was applied to the column.
MATERIALS AND METHODS

Materials
After the antibody solution ran down to the top of the gel, the flow was stopped and the column was left at room temperature for 45 min. The resulting Ab-protein A column was washed with 15 ml of 0.2 M potassium phosphate, pH 7.5,0.1% Triton X-100 (KT), equilibrated with 0.02% sodium azide, and stored at 4°C.
Purificaticm of phosphorylated insulin receptor. Insulin receptor was isolated from human placenta and partially purified by chromatography on immobilized WGA as previously described (3, 19) . To remove preexisting phosphotyrosyl-containing proteins, the eluate from WGA-agarose (27 ml, 1 mg/ml protein from 1.5 human placentas) was passed (at 4°C) through a 3-ml column of Ab-protein A, which had been previously washed with 15 ml of KT and equilibrated with HT. The column was then washed with 3 ml HT and the wash was combined with the flowthrough.
The resulting solution was mixed with 0.3 ml of 10 pM insulin and 75 ~1 of 2 M MnClr, and then incubated for 30 min at room temperature. Autophosphorylation was initiated by the addition of 75 ~1 of 20 mrd ATP, and was terminated after 5 min by addition of 1.2 ml of 0.25 M EDTA, pH 7.6, and 56 mg NaF. The reaction mixture was then cooled in an ice bath, and passed through a l-ml Ab-protein A column at 4°C which had been washed with KT and equilibrated with HT. The column was then washed with 10 ml of 0.15~ NaCl in HT. After a wash with 10 ml HT, the column was eluted with 4 ml of 10 mMpnitropheny1 phosphate in HT. The first 0.5 ml of eluate contained no receptor and was discarded.
The remainder of eluate which contained insulin receptor was collected. The Ab-protein A column was regenerated by washing with KT. No apparent change in the capacity was observed after it had been used more than ten times. During the purification procedure care was taken to prevent solutions of the receptor from contacting metals, since this can result in a large decrease in the activity of the receptor.
[The inhibition of the receptor kinase by metal ions is described in Ref. (20) .] Addition of 1 mM DTT to the wash and elution buffers did not affect the specific kinase activity of the purified receptor.
Protein assays. Bio-Rad protein assay dye reagent (21) by lectin chromatography on immobilized WGA. The WGA-purified receptor was then passed through a column of O-phosphotyrosyl binding antibody immobilized on protein A-Sepharose to remove preexisting phosphotyrosyl-containing proteins. The fraction which did not bind to the column was incubated with insulin and treated briefly with ATP to effect specific autophosphorylation of the insulin receptor. This reaction mixture was applied to a column of immobilized O-phosphotyrosyl-binding antibody. After washing the column, phosphorylated insulin receptor was eluted with 10 mMp-nitrophenyl phosphate (Fig. 1) .
The feasibility of using antibodies reactive toward the phenyl phosphate group for purification of O-phosphotyrosyl-containing proteins was first demonstrated by Ross et al. (13) , who used such antibodies in the purification of O-phosphotyrosylcontaining proteins from virally transformed cells. Our application of this approach to the purification of the insulin receptor involved some important modifications, however. The antibodies were raised using as antigen a KLH conjugate of N-bromocetyl-0-phosphotyramine rather than the KLH conjugate of pazobenzyl phosphonate used by Ross et al. (13) , since, as indicated by Ross et al. (13) , the use of an antigen closer in structure to an 0-phosphotyrosyl residue than pazobenzyl phosphonate would be expected to yield antibody with a higher affinity for O-phosphotyrosyl residues in proteins. To further enrich our antibody preparation in antibodies with a high affinity for O-phosphotyrosyl residues, we used 0.2 M (rather than 10 InM) phosphate buffer to wash antibody which was bound to O-phosphotyrosineSepharose during purification of the antibody by affinity chromatography. Although this higher concentration of phosphate removed weakly binding antibody, the phosphate grouping was still a major determinant of the antibody-hapten interaction. Thus, high concentrations of phosphate buffer (0.2 M) could elute insulin receptor from the immobilized purified antibody (data not shown). Finally, rather than immobilizing the purified antibody by linking it directly to chemically activated Sepharose, we immobilized it by adsorption on protein A-Sepharose. This immobilization procedure not only effected further purification of the antibody by eliminating any non-IgG contaminants, but also yielded gels having a higher capacity to bind phos-phorylated insulin receptor than gels produced by reaction of the purified antibody with chemically activated Sepharose.
The silver-stained and autoradiographed SDS-PAGE gels depicted in Figs. 1A phosphothreonine, and DL-O-phosphoserine failed (at concentrations of 10 mM) to elute significant quantities of insulin receptor from the column. Phosphate ion at a concentration of 10 mM, however, did elute a small amount of receptor from the column. Washes E-L of Fig. 1 were used to determine the specificity of elution with 10 mMpnitropheny1 phosphate. These washes failed to remove nonreceptor protein from the column, and were omitted from subsequent chromatographic procedures (see Materials and Methods) with no decrease in product purity. The two major bands, at 125 and 95 kDa, shown in Fig. 1 , lane M, are attributed to the (Y and ,0 subunits of the insulin receptor in the eluate from the Ab-protein A column.5 As expected when the WGA-purified insulin receptor was phosphorylated with [T-~~P]ATP, the mobility of the predominant species which was radiochemically labeled with 32P corresponded to that of the P-subunit of the purified insulin receptor (Fig. 1B) . 5 The intact cr2f12 form of the receptor was eluted from the Ab-protein A column (with ' Close inspection of Fig. 1A reveals barely detectable bands in the region of 50 kDa. These bands which become more prominent on overexposure to the silver stain are present when buffer is electrophoresed in the presence of thiols in the absence of receptor.
Contamination by bacteria may be responsible for the appearance of these bands which have been reported by other investigators (25) . Labeling of components in addition to the 95-kDa 0 subunit is barely detectable in Fig. 1B. This labeling, however, corresponds to only a small fraction of the radiochemical label incorporated into the fl subunit.
10 mM p-nitrophenyl phosphate) in greater than 80% purity as judged from the relative intensities of the 370-and 320-kDa bands produced by SDS-PAGE in the absence of reductant (Fig. 2) . Overexposure of the gel in Fig. 2 to the silver stain resulted in a uniform increase in the intensity of the background with the appearance of no additional bands. When the WGA-purified receptor was phosphorylated in the presence of [T-~~P]ATP and then chromatographed on Ab-protein A, the 32P label was present in both the 370-and 320-kDa proteins (Fig. 3, lane 2) . The fact that little or no labeling of the 320-kDa protein was seen immediately after the WGA-purified receptor was phosphorylated (Fig. 3 , lane 1) suggests that the 320-kDa protein was produced by proteolysis of intact receptor subsequent to phosphorylation.
As expected, both the 320-and 3'70-kDa proteins were precipitated by antibody to insulin receptor (Fig. 4) . Affinity crosslinking of the purified phosphorylated receptor with ?-insulin followed by SDS-PAGE and autoradiography produced a major diffuse band with an electrophoretic mobility corresponding to that of the intact a& form of the receptor (Fig. 5) . The ability to crosslink '%I-insulin to the purified, phosphorylated insulin receptor is consistent with results of previous studies (10) wherein the doubleprobe labeling method was used to show that insulin receptor molecules in a WGApurified preparation of the receptor retained their competence to bind insulin after autophosphorylation.
Comparison of lanes A and C of Fig. 5 reveals that the insulin-binding, fragmented forms of the receptor predominant in the WGA-purified receptor are almost eliminated by chromatography on immobilized O-phosphotyrosyl-binding antibody. The ability of this procedure to purify selectively the intact a.$& form of the insulin receptor is attributed to the fact that only the intact adz form undergoes insulin-promoted autophosphorylation during the brief treatment with ATP, and therefore only this form of the receptor is retained by the phosphotyrosine-binding antibody. The 125:95 mass ratio of the (Y and fi subunits might be expected to produce an intensity ratio of about 1:0.76 in silverstained gels, provided that both subunits have a similar content of aminoacyl residues, which are responsive to the silver stain. An intensity ratio of 1:0.45 was observed, however, for the bands corresponding to the (Y and B subunits. This result might be due to both a lower reactivity of the p subunit toward the silver stain and a partial degradation of the p subunit in the 320-kDa minor component. Close examination of Fig. 1 , lane M, reveals a minor band at 45 kDa which is attributed to the fragmented 6 chain of the 320-kDa minor component.
In an experiment designed to determine whether phosphorylated insulin receptor Introduction of crosslinks has been shown (10) to decrease the electrophoretic mobility of insulin receptor and also to cause insulin receptor bands to become more diffuse (10) . The presence of crosslinks, which probably prevent the protein from unfolding completely in SDS, are responsible for the reduction from 370K (Fig. 2 ) to 340K in the apparent Jl, of the (a/~')~ form of insulin receptor.
contained bound insulin after it had been purified by chromatography on Ab-protein A, WGA-purified insulin receptor was phosphorylated (with [T-~~P]ATP) using N 'BB-biotinylinsulin instead of insulin to promote receptor autophosphorylation. The resulting phosphorylated receptor was purified by chromatography on Ab-protein A in the usual manner, and immediately crosslinked with 0.3 mM disuccinimidyl suberate. The 32P-labeled, crosslinked insulin receptor was then subjected to SDS-PAGE in the presence and absence of succinylavidin.
The observation that succinylavidin did not alter the electrophoretic mobility of the 32P-labeled receptor indicated the absence of significant amounts of bound biotinylinsulin (data not shown). Control experiments wherein phosphorylated receptor was crosslinked in the presence of added N'BB-biotinylinsulin yielded 32P-labeled, crosslinked receptor whose electrophoretic mobility was decreased by succinylavidin as previously reported (10) . A comparison of the kinase activity (toward histone H2b) of the WGA-purified receptor and that of the intact phosphorylated receptor is shown in Fig. 6 . In ad- dition to the increased kinase activity of the purified phosphorylated receptor (note the use of 500 times less protein with the purified phosphorylated receptor), the activity of the purified phosphorylated receptor was not affected by insulin. This observation, together with the findings indicating that the purified intact receptor contains little or no bound insulin, confirms the conclusion of Rosen et al. (26) that insulin-promoted receptor phosphorylation activates the receptor as a kinase toward exogenous substrates, and that insulin does not affect the activity of the phosphorylated receptor. 6 The recovery of the receptor kinase activity and the degree of purification realized by chromatography on Ab-protein A can be determined from the data in Table  I . The data in Table I indicate that only about 60% of the kinase activity was adsorbed on the Ab-protein A column. The inability to adsorb 100% of the kinase activity did not appear to be due to use of insufficient Ab-protein A, as judged by the absence of significant quantities of phosphorylated insulin receptor in the flowthrough (Fig. lB, lane B) and the observation that passage of the unadsorbed kinase over a regenerated column of Abprotein A failed to adsorb significant kinase activity. A substantial fraction of the unadsorbed kinase activity may reflect the presence of protein kinases which were not tyrosine-phosphorylated during the short (5 min) incubation with ATP in the presence of insulin as well as incompletely phosphorylated insulin receptor. The data of Table I indicate that only 270 of the -600 kinase enzyme units adsorbed on the Ab-protein A column were recovered as judged by direct assays of the kinase activity toward histone H2b and angiotensin II. This deficit in kinase units might be attributed in part to differences in the composition of the samples assayed or the presence of an activating factor in the WGA-purified receptor (or both), since assay of the eluate from the Ab-protein A column in the presence of the WGA-purified receptor (according to assay II wherein the activity of the added material was subtracted from the total activity) showed that greater than 90% of the -600 kinase units adsorbed to the column was recovered in ' most of the deficit in kinase units is due to losses of protein by adsorption on surfaces which often become significant in the transfer of dilute solutions of proteins. The ratio of the specific activities of the eluate and that of the WGA-purified antibody indicated that the chromatography of Abprotein A effected an approximately 500-fold purification of insulin receptor kinase from human placenta. Purified insulin receptor was stored under liquid nitrogen, where its kinase activity remained unaltered for several weeks.
It is important to note that this purification procedure relies on specific autophosphorylation of the insulin receptor in the preparation of the WGA-purified receptor which had been passed through a column of Ab-protein A to adsorb any preexisting phosphotyrosyl-containing protein. Since the crude preparation may contain several receptor protein kinases and other proteins which might undergo tyrosyl phosphorylation upon incubation with ATP, care was taken to preincubate the preparation with insulin and quench the reaction 5 min after the addition of ATP. The degree of success of this approach is reflected in silver-stained and autoradiographed gels depicted in Figs. l-4, which show that almost all of the purified material migrated in the positions expected for the insulin receptor and precipitated with antireceptor antibodies. Furthermore, the data in Table II indicate that anti-insulin receptor antibody precipitated 83%
of the kinase activity of phosphorylated insulin receptor which had been purified by chromatography on Ab-protein A. This observation suggests that most, if not all, of the measured kinase activity is an integral part of the purified phosphorylated insulin receptor or tightly associated with it, and that if present, extraneous contaminating kinases are minor contributors (~1'7%) to the observed kinase activity. Thus, chromatography of insulin receptor on 0-phosphotyrosyl-binding antibody immobilized on protein A-Sepharose appears to yield the catalytically active form of insulin receptor kinase. This material, which is nearly homogeneous, should be suitable for studies of the relationship between receptor structure and catalytic competence toward exogenous substrates. Studies of the insulin-promoted autophosphorylation event will, of course, require the unphosphorylated form of the receptor which is not directly obtained by the procedures described in the present paper.
Although the purification of insulin receptor by affinity chromatography on immobilized insulin and by chromatography on immobilized phosphotyrosyl-binding antibodies reported in this work yields different forms of the receptor, the latter procedure appears to offer some advantages over the former. The highest degree of purification of WGA-purified insulin receptor kinase has been obtained recently by Rosen and her co-workers (8), who made the important discovery that the presence of DTT during affinity chromatography markedly enhanced the specific activity of the recovered insulin receptor kinase. The WGA-purified insulin receptor kinase activity, however, could only be purified by llO-to 131-fold even in the presence of dithiothreitol?
This purification factor is about 4-fold lower than that which we obtained by subjecting the WGA-purified receptor to chromatography on immobilized phosphotyrosyl-binding antibodies.* The higher degree of purification obtained by chromatography on immobilized phosphotyrosyl-binding antibodies is attributed to the ability of this method to resolve the phosphorylated form of the receptor which is active as a kinase from the other (unphosphorylated)
forms of insulin receptor which appear to be devoid of tyrosyl kinase activity. ' It is important to note that the purification procedure reported in the present paper does not employ DTT, which in our hands results in partial reduction of interchain disulfide bonds in the receptor (unpublished observations).
* Differences in assay conditions and methods used to determine protein content make it difficult to compare absolute values of the final specific activity of insulin receptor obtained by the two methods of purification. However, the degree to which the WGApurified receptor is further purified by chromatography on immobilized insulin and immobilized phosphotyrosyl-binding antibodies can be estimated from the increases in specific activity effected by each procedure.
